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Sustained response to vasopressin in isolated rat cortical collecting
tubule. The effect of arginine vasopressin (ADH) on water permeability
and transepithelial voltage was examined in cortical collecting tubules
from a specific pathogen-free line of male Sprague-Dawley rats (75—125
g body weight). Tubules were bathed in a medium resembling serum
ultrafiltrate (310 mOsm/kg H20) at 38°C. Osmotic water permeability
(Pf, sm/sec) was determined by the volume flow occurring with a
hypo-osmotic perfusate (210—220 mOsmlkg H20) and diffusional water
permeability (Pa, nm/sec) was calculated from the lumen-to-bath flux of
tritiated water using an isosmotic perfusate. In the absence of ADH,
both Pf and I',, were low, 17 6 and 9.0 0.6 (sEM), respectively.
ADH added to the bath at concentrations above 0.5 U/ml increased Pf,
with a maximal response at 40 U/ml or greater. With 100 jsU/ml ADH,
Pfand Pd were, respectively, 994 117 and 37.0 2,4. Without ADH,
the transepithelial voltage was variable (range, —5.4 to +2.5 mV;
mean, — 1.9 0.4); however, with 100 rU/ml ADH, it hyperpolarized
(lumen-negative) by 4.2 0.8 mV. In contrast to findings in the rabbit,
both the hyperpolarization and the increased water permeability per-
sisted for at least 3 hr. The higher water permeabilities are consistent
with the shorter length of the cortical collecting tubule in the rat, and
may reflect the importance of attaining osmotic equilibration within the
cortex during maximal antidiuresis.
Réponse prolongee a Ia vasopressine du tubule collecteur cortical isolé
de rat. L'effet de l'arginine vasopressine (ADH) sur la permeabilité a
l'eau et le voltage transépithélial a été examine dans des tubules
collecteurs corticaux provenant d'une lignée specifique pathogen-free
de rats males Sprague-Dawley (75—125 g de poids corporel). Les tubules
baignaient dans un milieu ressemblant a un ultrafiltrat de serum (310
mOsm/kg H20) a 38°C. La perméabilité osmotique a l'eau jsm/sec)
a été déterminée par le debit volumique se produisant avec un perfusat
hypoosmotique (2 10-220 mOsm/kg H20) et Ia perméabilite diffusion-
nelle a l'eau (Pd, sm/sec) a été calculée a partir du flux lumiére-bain
d'eau tritiée en utilisant un perfusat isoosmotique. En l'absence
d'ADH, Pf et P, étaient basses, de 17 6 et 9,0 0,6 (sEM),
respectivement. L'ADH ajoutée au bain a des concentrations
supérieures a 0.5 U/ml a augmenté P1, avec une réponse maximale a 40
rU/ml ou plus. Avec 100 fLU/ml d'ADH, PfetPdétaient respectivement
de 994 117 et de 37,0 2,4. Sans ADH, Ic voltage transepithelial
était variable (compris entre —5,4 et 2,5 mY; moyenne: — 1,9 0,4);
cependant, avec 100 sU/ml d'ADH, il y avait une hyperpolarisation
(luniiere-negative) de 4,2 0,8 mV. A l'opposé des résultats chez le
lapin, l'hyperpolarisation et l'augmentation de Ia perméabilité a l'eau
ont persisté au moms 3 hr. Les plus fortes permeabilites a l'eau sont
compatibles avec Ia longueur plus courte du tubule collecteur cortical
chez le rat, et pourraient refléter l'importance d'atteindre un equilibre
osmotique dans le cortex au cours d'une antidiurése maximale.
mammalian distal nephron. Based on the location of ADH-
stimulated adenylate cyclase [1, 2], as well as the location of
structural changes associated with ADH action [3], only the
latest portion of the distal tubule (the short connecting segment
and the initial collecting tubule), and the cortical and medullary
regions of the collecting duct are expected to exhibit enhanced
water permeability in the presence of the hormone. For this
reason, the use of the technique of dissecting and perfusing
rabbit cortical collecting tubules in vitro, developed by
Grantham and Burg [4] and Grantham and Orloff [5], has played
a central role in investigations of the cellular and membrane
events associated with ADH action. Of necessity, these studies
were conducted in the rabbit cortical collecting tubule because
of the relative ease with which these segments could be
dissected in this species. However, there is almost no informa-
tion about the urinary concentrating and diluting mechanism in
the rabbit from either the viewpoint of the intact kidney or the
whole animal. Thus, it has been difficult to integrate information
obtained from these segments in vitro to the operation of the
kidney in vivo and its response to varying local and systemic
influences.
In contrast, most of our information about the integrated
operation of the urinary concentrating and diluting mechanism
and its physiologic regulation has come from studies on rodents
such as the hamster, Psammomys, and especially the rat.
However, the concentrating mechanism in rats appears to differ
significantly from that in rabbits [6]. Consequently, transport
data obtained from rabbit cortical collecting tubules perfused in
vitro cannot be applied directly to the concentrating mechanism
of the rat. Although there have been a limited number of studies
on isolated, perfused rat renal tubule segments [7—10], until
recently the rat kidney has been regarded as difficult at best to
dissect and no transport studies have been reported in isolated
cortical nephron segments. This limitation has recently been
considerably modified by the work of Knepper [11] in which
segments of rat cortical thick ascending limb and cortical
collecting tubule have been perfused in vitro. The recent
success has apparently depended on the use of a relatively
pathogen-free strain of Sprague-Dawley rat maintained in the
Over the past decade there has been a rapid advance in our
knowledge of how arginine vasopression (ADH) modifies the
water permeability properties of the luminal membrane in the
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Small Animal Breeding Facility of the National Institutes of
Health (Bethesda, Maryland). This strain is also commercially
available (see Methods), and we have used it in our laboratory
for studies on the ion transport properties of the medullary thick
ascending limb [12].
The results reported here show that ADH produced increases
in both water permeability and the transepithelial voltage that
remained stable for at least 3 hr after hormone addition. The
water permeability changes induced in the rat segment were 2.5
to 4-fold greater than had previously been observed in the rabbit
[4, 5, 15—17].
Methods
The animals used in these studies were 75—125 g male
Sprague-Dawley rats obtained from a barrier-maintained colony
[strain Tac:N(SD) fBR] at Taconic Farms (Germantown, New
York). The line of rats was obtained originally from the Small
Animal Breeding Facility of the National Institutes of Health
and has been maintained as a virtually pathogen-free strain. It
has been suggested that the absence of certain pathogens
normally endemic to rat colonies may be responsible for the
greater ease of dissection in kidneys from these animals [Ill.
Rats were shipped to our laboratory and were housed in
filter-top containers in a room apart from other rats. The
animals were provided with sterilized tap water and sterilized
standard rat chow ad libitum.
For an experiment the animals were killed by decapitation.
Both kidneys were removed; the capsules were stripped off,
and four to five cross-sectional slices of each kidney were
made. These sections were placed in the standard bathing
solution described below. Dissection was carried out at room
temperature by stripping long wedges of tissue that extended
from the tip of the papilla to the cortical surface. These wedges
were transferred to fresh bathing solution in a Petri dish and
dissected in the standard fashion using sharpened Dumont No.
5 forceps and a dissecting microscope at 40—50 x. Cortical
collecting tubules were identified by the uniformity of their
appearance and location in the medullary rays. The length of
segments dissected and used for experiments ranged from
0.4—1.2 mm, although segments longer than 1.0 mm were rare.
The apparatus and techniques used to perfuse the tubule
segments were virtually identical to those previously described
by us [16—18] and others [4, 5, 11]. All experiments were carried
out at 38°C. The solution used to bathe tubule segments in all
experiments consisted of (in mM): 116 NaCI, 21 NaHCO3, 2 Na
phosphates (pH 7.4), 5 KCI, 1.5 CaCI2, 0.5 MgCl2, 8.3 D-
glucose, 4 L-alanine, 5 Na acetate, 6 urea, and 1 g/dl of purified
[18] bovine serum albumin, with an osmolality of 310 to 320
mOsm/kg H20. (For dissection, the albumin concentration of
the bathing solution was increased to 5% to prevent tubule
segments from sticking to forceps and the Petri dish.) The
solution was equilibrated with 95% 02/5% CO2 at 38°C (pH 7.4).
From the general appearance, the rat cortical collecting
tubule looks very similar to the same segment from the rabbit
except that it is of smaller diameter (Fig. 1).
Measurement of osmotic water permeability
In most experiments, a transepithelial osmotic gradient of
approximately 100 mOsm/kg H20 was imposed and the result-
ing volume flow was measured in order to determine the
Fig. 1. Response of the rat cortical collecting tubule to ADH in the
presence qf an osmotic gradient. In all three photomicrographs the
same isolated tubule was being perfused with a hypotonic solution (210
mOsm/kg H20) while bathed in an isosmotic (310 mOsm/kg H20) one.
The spacing between the small reticle lines is 2.25 m. (A) Tubule after
perfusion at 38°C for 1 hr in the absence of ADH. (B) Six minutes after
adding 100 UIml ADH to the bathing solution. (C) One hour after
removing ADH, 260 mm after perfusion had been initiated.
osmotic water permeability (Pf, m!sec). In these experiments,
the perfusate had the following composition in mM: 88 NaC1,
3.3 NaHC0, 2 Na phosphates (pH 6.6), 5 KC1, 1.5 CaCl2, 0.5
MgCl2, and 50 urea. Initially, the solution contained no HCO3
until it was equilibrated with 95% 02/5% CO2 at 38°C. The pH
was then adjusted to 6.6 by the addition of a small amount of
NaOH to give the final calculated HCO3— concentration at a
Pco2 of 35 mm Hg. The final osmolality of this solution was
measured to be in the range of 210—220 mOsm/kg H20.
The perfusate also contained 25 xCi/ml of dialyzed [161
3H-methoxyinulin as a volume marker. The perfusion rate was
calculated from the rate of appearance of the volume marker in
the collection pipet and the known cpm/nl isotope concentra-
tion as calibrated in the original perfusate [4, 5, 17]. The
3H-methoxyinulin was also used as a marker of any leakage of
perfusate into the bathing solution. In these experiments we
modified our usual method of quantifying the leak rate in the
following way. Instead of totally exchanging the bathing solu-
tion at regular intervals, it was continuously perfused into and
aspirated from the perfusion chamber (Lucite®) at a rate of 0.3
ml/min. The total aspirated bathing solution was collected at
10-mm intervals, and the activity of 3H was counted in Aquasol-
2 (New England Nuclear Corporation, Boston, Massachusetts)
using standard methods. The half-time for washout of a bolus of
volume marker in the chamber was determined to be less than
2 mm. For all experiments in which Pf was measured (N = 44),
the leak rate averaged 0.6 0.5 (sD)% of the rate of perfusion.
Tubules were perfused at a rate of 8—12 nl/min by constant
pressure applied to the inner perfusion pipet. The collection
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rate was calculated from the rate of volume collection in a
calibrated constant-bore sampling pipet. Collections in this
series of experiments were taken at intervals of 6—10 mm. The
rate of transepithelial volume movement was calculated in the
standard manner [4, 5, 17] from the difference in perfusion and
collection rates normalized by the length of the tubule. In order
to maximize the accuracy of volume absorption measurements,
the tubules used were as long as could be dissected. The length
of the perfused segments ranged from 0.4 to 1.1 mm, with a
mean of 0.63 0.17 (SD).
The osmolality of the collected fluid (CL) was calculated from
the measured perfusion and collection rates V0 and VL, respec-
tively, as
CL = (VG/VL)CO (1)
where C0 is the measured osmolality of the original perfusate.
The use of this equation assumes that osmotic equilibration
occurred exclusively by water and not solute movement [4, 5,
171.1 The osmotic water permeability of the segment was
calculated as [161
-
-VoCo Co - CL + (CL — Cb)CoPf — AV, COCbCL (Cb)2 n (Co Cb)CL
where Cb is the osmolality of the bathing solution, A is the
apparent luminal surface area, and V,,. is the partial molal
volume of water.
Measurement of diffusional water permeability
The diffusional water permeability (Pd, jim/see) was mea-
sured from the rate of loss of tritiated water (THO) from the
perfusing solution when the tubules were perfused with a
solution isosmotic to the bathing solution, so that no net
transepithelial volume flow occurred [5, 17]. The composition
of the perfusate was identical to that described for the above
experiments except that sufficient NaCl was added to raise the
osmolality to equal that of the bathing solution. THU was added
to the perfusate at an isotopic concentration of 50 jiCi/ml
perfusate together with 25 jiCi/ml of '4C-sucrose, which was
used as the volume marker in these experiments. The perfusion
rate was measured by the rate of '4C collection. The
transepithelial volume movement was calculated in the same
way as described above, and was confirmed to be not signifi-
cantly different from zero.
The accuracy of the assumption was verified in seven separate
experiments in which P1 was measured in the absence (control) and
presence of 100 1.tU/ml ADH. In these experiments the osmolalities of
the perfused and collected luminal fluid was measured using a Clifton
Technical Physics (Hartford, New York) nanoliter osmometer. The
change in luminal osmolality actually measured was then compared to
that predicted assuming only water movement was involved in the
osmotic equilibration [that is using Eq. (1)]. With an average measured
perfusate osmolality of 212.8 2.8 (5EM), there was no significant
difference in either the measured (211.4 3.7) or calculated (205.7
5.0) collected osmolality. In the presence of the hormone, collected
fluid osmolality was 287.7 5.5, which was not significantly different
from the calculated osmolality of 284.9 5.6. These data indicate that
any net solute movement was too small in relation to water movement
to significantly affect the accuracy of the Pf calculation. However, this
does not preclude the existence of net solute absorption. These experi-
ments were conducted with relatively rapid perfusion rates and short
tubule lengths that preclude accurate measurements of solute move-
ment.
In these experiments, it was found that Pd was sufficiently
high that care had to be taken to ensure that adequate THU
activity was present in the collected fluid for accuracy in
counting. For this reason, the perfused lengths of the tubule
segments were restricted to 0.16-0.27 mm, with an average of
0.23 0.03 (SD). In addition, the perfusion rate was maintained
in the range 13—19 ni/mm, with an average of 16.5 2.1 (SD).
Using these procedures, the collected THU concentration re-
mained greater than 5% of the perfused concentration even in
the presence of maximal ADH stimulation.
Transepithelial voltages
In most experiments, the transepithelial voltage was continu-
ously recorded. Standard bridges of 0.9% NaC1 in 4% agar were
inserted into the perfusion pipet and in the bathing solution, and
the voltage difference between them was measured using a high
input impedance electrometer. The recorded voltages, which
are those reported in the Results section, included junction
potentials between the bridges and the perfusion and bathing
solutions, as well as the transepithelial voltage. Junction
potentials were computed using the Henderson-Planck equation[19] and measured concentrations of Na, K, Cl, and
HC03 in the perfusate, bathing, and electrode solutions. In
experiments in which the perfusate was hypotonic, the average
liquid junction potential between the perfusate electrode and
the perfusate was + 2.5 mV, and that between the bathing
solution and the bath electrode was —2.4 mV, so that the
voltages reported may be corrected for the net liquid junction
potential by adding +0.1 mV in order to obtain the actual
transepithelial voltage. In isosniotic perfusate (Pd experiments),
actual transepithelial voltages can be computed by adding
+ 0.85 mV to the reported voltages.
Sources of biochemicals
Synthetic arginine vasopressin was obtained as Pitressin in
aqueous solution (Parke-Davis Corporation, Morris Plains,
New Jersey). All radioactively labeled compounds were ob-
tained from New England Nuclear Corporation (Boston, Mas-
sachusetts).
Results
Osmotic water permeability (Pf) was measured in a total of 44
cortical collecting tubules, and diffusional water permeability
(Pd) in 12. In most of these experiments, the transepithelial
voltage (Ve) was also continuously recorded. Three experi-
ments in which Pf was measured and three separate experi-
ments in which Pd was measured are shown in Figure 2. The
transepithelial voltages shown were measured in the three Pf
experiments and two of the dexperiments. ADH was added to
the bathing solution, approximately 60 mm after beginning
perfusion, at a supramaximal concentration of 100 jiU/ml (see
below). It should be noted that voltage recordings were in real
time while measurement of both Pf and dare time averages for
the collection periods.
From the first samples collected it was seen that both Pf and
Pd were low and did not decrease appreciably with time before
the addition of ADH: Pd was in the range 7—15 jim/sec and Pf
was in the range 0—50 jim/sec. Upon the addition of ADH to the
bathing solution, both permeabilities increased rapidly. There
was an obvious increase in Pf observed in the first sample taken
(2)
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Fig. 2. Response of transepithelial voltage (Vs), diffusional (Pd), and
osmotic (Pd)water permeabilities to AD!-! The recording in each case
begins at the time when the temperture reached 38°C, about 30 mm after
the rat was killed. At the point indicated, 100 U/ml of ADH was added
to the bathing solution only. For experiments in which Pd was mea-
sured, the perfusate was an isosmotic solution. In separate experi-
ments, the hypoosmotic perfusate was used to measure P.
after the ADH addition and a maximal level of 600—1000 tm/sec
was achieved within 60 mm, with 80% of the change occurring
in the first 20 mm. The same trend was observed in P, with a
maximal d value in these experiments being 25—45 pm/sec. It
is important to note that both Pf and d remained constant for
up to 3 hr after the addition of ADH.
Upon first perfusing the tubule at 38°C, the transepithelial
voltages varied widely from tubule to tubule although they all
were in the range of —5.4 to +2.5 mV, with an average of —1.9
0.4 mV (SE; 34 tubules). However, the voltage in any given
tubule before the addition of ADH tended to remain relatively
constant. Upon the addition of ADH, there was an immediate
change in the transepithelial voltage to more lumen-negative
values. This is dramatically illustrated in the case of one
experiment in Figure 2 in which the voltage changed from —4
mV (lumen-negative) in the absence of ADH to as high as — 18
mY, but in most cases the response was more moderate. The
transepithelial voltage in all cases remained significantly more
lumen-negative than before ADH for at least 3 hr after the
addition of the hormone, although the response tended to be
maximal within 15 mm of hormone addition and to slowly
decline thereafter.
In seven experiments (Fig. 3), we examined the reversibility
of the response of P1 and Ve to ADH. In these experiments,
after an equilibration period in the absence of ADH, 100 U/ml
200 I-
0'
.J.. .L ..L..' _J
—40 0 40 80 120 160
Time, mm
Fig. 3. Reversibility of the transepithelial voltage (Vs) and osmotic
water permeability (Pf) responses to ADH. Time 0 indicates the addition
of 100 sU/m1 ADH to the bath. The hormone was removed after 60 mm
by rapidly flushing the perfusion chamber with hormone-free bathing
solution.
of ADH were added to the bathing solution and Pf and Ve were
observed to reach stable maxima. Sixty minutes after adding
ADH, the bathing solution was rapidly changed to one of the
same composition but without ADH. Within the next collection
period, 5—7 mm after removing ADH, Pf was observed to have
fallen by about 20% and Ve by > 80%; and within 25 mm of
removing the hormone, both parameters had returned to base-
line values. Thus, the ADH response could be reversed as
quickly by removal of the hormone as it had been initiated.
In the above experiments, we also noted the appearance of
the epithelium using a Unitron 20>< objective (numerical aper-
ture, 0.45), both before and after the addition of ADH (see Fig.
1). During the initial perfusion, the epithelial wall was relatively
flat and regular in appearance, and by focusing through it, a
regular cobblestone" appearance of the cell layer could be
observed. In those experiments in which dwas measured and
there was, consequently, no transepithelial osmolality differ-
ence, addition of the hormone produced no significant changes
in the appearance of the epithelium. However, upon addition of
the hormone in the presence of a transepithelial osmolality
difference, there was an increase in the epithelial thickness of
perhaps 10% to 20% that we could not quantify using our
present optical equipment. This was accompanied by slight
bulging of the cells into the lumen which gave a scalloped
appearance to the luminal surface of the epithelium. In addition,
the intercellular spaces darkened as observed previously in the
rabbit cortical collecting tubule 4, 5, 171.
We also evaluated the dose dependency of the ADH response
both as a guide to the proper selection of in vitro concentrations
and for comparison to normal in vivo plasma levels under
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0
100
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0
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Table 1 summarizes both the water permeability and trans-
epithelial voltage response to a supramaximal dose of ADH. In
the upper part of the table, the results are given for tubules
treated with 100 p.U/ml of the hormone, with Pf and Pd
measurements made in separate tubules. Since there was no
significant difference in the Pf or Ve response to any ADH
concentration in the range 40—1,000 LU/ml, data from all doses
in this range are averaged in the lower portion of Table 1.
Discussion
The results reported above are comparable in many respects
to those obtained in several previous studies with rabbit cortical
collecting tubules treated with arginine vasopressin, or cyclic
3',5'-adenosine monophosphate (cAMP) and its synthetic
analogs 4, 5, 16, 17, 20, 21]. However, there are some marked
differences in the response of the rat cortical collecting tubule to
ADH that may be important in the normal physiologic function
of this segment. These differences include the very high water
permeabilities measured in the presence of the hormone, as well
as the stability of both the water permeability and the trans-
epithelial voltage responses to the hormone.
As shown in Figure 2, there was a very rapid increase in both
diffusional and osmotic water permeabilities, and the negativity
100 I
80
a)
C)C
ca 60
C)
40
20
0.1 1.0 10 100
ADH concentration, UmI
—10
-8
--6
>a
—2
0
1,000 10,000 Fig. 5. Response of transepithelial voltage (Vt) to varying doses ofADH
added to the bathing solution. The average voltage observed in the
absence of ADH in the 34 individual tubules examined is given by the
data point to the far left. Each dose was used in at least three tubules
(range, three to eight tubules). The SEM transepithelial voltage is
indicated, and the asterisk denotes a significant difference compared to
the control without ADH with P < 0.05 or better.
0 0.1 1.0 10 100
ADH concentration, U ml
Table 1. Comparison of the response of osmotic and diffusional water
permeabilities, and transepithelial voltage to arginine vasopressina
Fig. 4. Response of osmotic water permeability (P1) to varying doses of
ADH added to the bathing solution. Results are from 27 individual
tubules. The percent of maximal change in each experiment was
calculated as described in the text. The SEM is indicated for experiments
in which three or more tubules were examined at a given ADH
concentration (five to eight tubules were used at most concentitions).
A single dot without error bars indicates the mean of only two
determinations, or a single tubule determination.
varying states of hydration. In these experiments, after an
initial control period, three doses of ADH were administered
sequentially beginning with a low dose and increasing to a final
dose of 40—10,000 p.UIml. Each different dose response period
lasted 40—60 mm and included five to six collections; in all cases
a stable response was observed before the next dose period was
started. Thus, in each experiment, we measured the minimal Pf
in the absence of hormone and the response to a supramaximal
dose as well as the intermediate responses. We then computed
the response of Pf to varying ADH doses as a percent of the
maximal response in each tubule.
The results of the dose response evaluation for the change in
Pf are shown in Figure 4. The threshold for the response to the
hormone was in the range of 0.5 p.UIml. Application of 0.3
p.U/ml produced no significant change in Pf. However, the dose
of 0.5 Cu.U/ml, applied immediately after the ADH-free period,
produced a significant rise in Pj of 58 16 p.m/sec (P < 0.05,
three tubules). The maximal response to ADH occurred at
concentrations of 40 p.U/ml or greater, and there was no
significant difference in the response to 40, 100, 200, or 1,000
p.U/ml. Thus, in the time sequence experiments (Fig. 2), 100
p.U/ml were used as a supramaximal dose, A half-maximal
response was obtained at ADH concentrations in the range of
5—10 p.U/ml. From a limited number of experiments performed
with higher ADH concentrations, it appeared that Pf decreased
slightly at very high doses. In four experiments, the ADH
concentration in the bathing solution was increased from 100 to
1000 p.U/ml in sequential periods and in each case Pf decreased;
however, due to the variability of the decrease, this trend was
not significant (mean paired difference, 69 73 p.m/see).
In these same experiments, there was a similar dose-response
trend for the Ve response to ADH, as shown in Figure 5. No
significant change in V( could be determined until the bathing
solution ADH concentration was 5 p.U/ml or greater. The
maximal voltage response was obtained only at concentrations
in excess of 25 p.UIml.
a Osmotic (P,) and diffusional (Pa) water permeabilities were mea-
sured in separate experiments as noted in the Methods section. Trans-
epithelial voltages were taken from the experiments in which P was
measured. The numbers of tubules are indicated in parentheses. The
mean and SE of the mean are indicated for each parameter.
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of the transepithelial voltage when ADH was added to the
bathing solution of the rat cortical collecting tubule perfused in
vitro. The initial time course of these responses was quite
comparable to that previously observed in rabbit tubules, with
an effect observable within 10 mm of hormone addition, and
maximal responses within 30 mm. Furthermore, as in the case
of the rabbit, both water permeability and voltage responses
were completely and rapidly reversible (Fig. 3). The ratio
between osmotic and diffusional water permeabilities in the
presence of ADH was higher than observed previously in the
rabbit 14, 5, 17, 21]; however, any interpretation of the f'd
ratio is completely dependent upon a careful assessment of
intraepithelial diffusion constraints [17, 21] and cannot be
addressed by the present studies.
These effects of ADH were produced by concentrations of
the hormone within the expected physiologic range. As deter-
mined by radioimmunoassay, the plasma concentration of
arginine vasopressin in the rat varies from 0.5 pg/ml with water
loading, to 13—14 pg/ml in hydropenia. Under conditions of ad
libitum intake of normal rat chow and water, the plasma ADH
concentration is in the range of 1.6—2.3 pg/mi [22]. In the
present in vitro studies (Fig. 3), the threshold for a water
permeability response to the hormone was 0.3—0.5 jU/ml,
which corresponds to 0.7—i .2 pg/ml, taking 2.4 pg/mi as equiva-
lent to 1.0 tU/ml. The steepest increase in Pf was observed to
occur in the range of 1—25 U/ml (2.4—60 pglml), with maximal
responses above 40 tU/m1. This range is slightly higher than the
normal rat plasma ADH concentrations noted above. The ADH
dose-response relation of the isolated rabbit cortical collecting
tubule has been investigated only at 25°C, but with similar
results [5]. However, in a preliminary study of the mouse
cortical collecting tubule perfused in vitro, Hall and Varney [23]
observed that a maximal Pf response at 37°C was obtained only
at ADH levels in excess of 100 U/ml.
Visualization of the epithelium of the rat cortical collecting
tubule before and after transepithelial water flow had been
stimulated by ADH supported the generally held view that the
hormone modifies the water permeability of the apical mem-
brane [4, 17, 20, 241. In spite of the presence of a dilute luminal
perfusate, the cells of the epithelium were relatively flat and
regular in appearance in the absence of ADH (see Figure 1).
Within 10 mm of hormone addition, the cells were observed to
swell slightly with rounding of the apical surface into the lumen
as would be expected if the water permeability of the luminal
membrane had been increased from a rate-limiting, low value to
one comparable to that of the basal membrane [20]. In addition,
with transepithelial water flow after ADH addition, there was
darkening of the cobblestone pattern of lateral intercellular
spaces. The same phenomenon in the rabbit tubule has been
shown to reflect an increase in the width of lateral intercellular
spaces as an apparent consequence of a finite restriction to
water flow out of the lateral intercellular spaces [20].
The addition of ADH was also accompanied by a significant
hyperpolarization of the lumen-negative potential. Since it has
been shown that intraluminal pressure in the rabbit cortical
collecting tubule can affect the transepithelial voltage [25], it is
important to rule out pressure changes as a cause of the
hyperpolarization. However, there was no change in either
perfusion pressure or rate in any of the experiments reported.
Furthermore, when ADH was added in the presence of an
osmotic gradient, the epithelial thickness increased. Thus, if
anything, intraluminal pressure should have increased in order
to maintain a constant flow. Because intraluminal pressure is
inversely related to the magnitude of the voltage in the rabbit,
the effect would be in a direction opposite to that observed.
Finally, in those experiments in which Pd was measured, there
was no epithelial swelling with ADH and thus no potential
cause for a change in intraluminal pressure. In these experi-
ments, the transepithelial voltage increased from + 0.32 1.23
(sEM) mV in the absence to —2.37 1.63 mV in the presence
of 100 U/ml ADH (P < 0.01, N = 6). The latter observation
also indicates that the hyperpolarization is not directly related
to transepithelial water flow, for example, by the development
of a streaming potential.
Knepper found a slightly lumen-positive voltage in the corti-
cal collecting tubule of the rat [ill, not much different from our
findings in the control situation. However, ADH, in the same
concentration as used by us, had no effect on the transepithelial
potential in the five tubules in his study, while every tubule we
examined showed a significant lumen-negative potential with
ADH. Our technique of dissection is very similar to the one
described by that author, making differences in the localization
of the perfused segments unlikely. We are unable at present to
explain the discrepancy. The baseline luminal voltage in the
cortical collecting tubule appears to depend on the endogenous
mineralocorticoid status of the animal, as suggested by O'Neil
and Helman [25] for the rabbit, where great variations in the
transtubular potential difference are found, ranging from + 3 to
—25 niV. The presence of a lumen-positive voltage has been
attributed to a proton secretory process by Stoner et al [26].
It is important to note also the relative stability of the voltage
response in the rat when compared to the rabbit. In the rabbit
tubule perfused in vitro at either 25 or 37°C, addition of ADH to
the bathing solution results in a hyperpolarization of ye that
lasts only 5—15 mm and then declines to levels below the
pre-ADH control [14, 27—301. This transient hyperpolarization
has been correlated with an increase in the net transport of Na
which follows the same time course as the voltage [14, 30]. At
least part of the subsequent fall in V. and Na flux may be
attributed to the effects of prostaglandins, since Holt and
Lechène [301 have shown that inhibitors of cyclooxygenase
prevent the fall in V. below control levels although they do not
modify the transient nature of the observed stimulation. In
contrast, the hyperpolarization of V, produced by ADH in these
experiments was quite marked both in the presence and ab-
sence of a transepithelial osniolality gradient, and persisted for
at least 3 hr. Furthermore, in preliminary studies [311 we have
shown that ADH results in a significant and stable enhancement
of net sodium flux, which probably explains the hyperpolariza-
tion. The stability of the response in the rat may reflect the
absence of significant prostaglandin interference in this prepara-
tion, as would be suggested by the experiments of Holt and
Lechène [30]. The importance of ADH-sensitive salt absorption
in this segment of the rat nephron, and its relation to mm-
eralocorticoid action, are intriguing areas for future investiga-
tion.
It was interesting that the water permeability response to
ADH was also stable in the rat in marked contrast to the rabbit
at 37°C. As shown by Hall and Grantham [15], when ADH is
added to the bathing solution of the rabbit cortical collecting
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tubule, there is the usual rapid increase in P1; however, at 37°C
this increase is followed by a decay in the water permeability to
50% of the peak value in the first hour after hormone addition,
and to basal, pre-ADH levels within 150 mm. The same time
response was found after addition of the cAMP analog 8-(p-
chlorophenylthio) cAMP, leading Hall and Grantham [15] to
conclude that inhibition occurred at a step beyond the activa-
tion of adenylate cyclase and thus probably did not involve
modification of ADH action on the hormone, for example, by
prostaglandins. These investigators suggested that other inhibi-
tory factors might be released by the hormone which could be
involved in a negative feedback regulation of hormone action.
Thus, as in the case of the voltage response, an inhibitory factor
that is produced by the rabbit tubules appears to be absent in
the rat preparation.
In previous experiments in rabbit tubules [4, 5, 15—17],
however, the initial P1 values in the absence of ADH were
always equivalent to maximal, ADH-dependent values and
subsequently decayed by about 90% to stable mimima. This
finding in the rabbit has been suggested to reflect a high initial
occupancy of receptor sites by endogenous ADH present in the
plasma of the rabbit before it was killed. Thus, the finding of a
low initial Pf in the rat tubules implies either that endogenous
ADH levels at the time the animals were killed were lower, or
that ADH left on the receptors was degraded more rapidly
during the room temperature dissection period, It should be
noted that the times required for dissection of rat and rabbit
tubule segments, and thus the times elapsed before the first P1
determination, were equivalent. Also, the time required for the
decay of the maximum ADH-stimulated Pj after removal of the
hormone from the bathing solution was the same in the rat and
rabbit at 37—38°C.
The rat cortical collecting tubule also exhibited a much more
dramatic increase in water permeability than previously ob-
served in the rabbit tubule. The minimum value of P in the
absence of ADH (Table 1), was the same as that observed in the
rabbit at 25°C and actually lower than that at 37°C in the rabbit
[16, 211. However, upon addition of the hormone at supra-
maximal concentrations, P1 rose to an average of almost 1000
Jsm/sec, and P, rose to 37 &sm/sec. In the rabbit, at 37°C, P1
values of 250—440 tm/sec have been measured in the presence
of high doses of ADH [15, 21]. Even after incubation with
corticosterone followed by administration of A1)H, the maxi-
mal Pf reported in the rabbit cortical collecting tubule was 635
sm/sec [15]. The P1 values observed in the rat are comparable
to those reported in a preliminary study of the isolated perfused
mouse cortical collecting tubule in which, at 37°C, P1 rose from
89 to about 1100 fsm/sec after the addition of ADH to the
bathing solution [23].
Relatively high water permeabilities in response to ADH
have also been observed in two studies in the rat medullary
collecting duct. Using in vitro perfusion techniques in the rat
papillary collecting duct in situ, Morgan et al [32] observed an
increase in d from 5.3 to 9.5 sm/sec, and in P from 68 to 350
sm/sec after ADH addition. In a preliminary report of studies
using isolated perfused rat papillary collecting ducts, Rocha and
Kudo [10] observed an increase in d from 7.0 to 11.3 sm/sec
after the ADH addition, while P1 was 678 in the presence of the
hormone. The latter authors noted that these water perme-
ability values were higher than in isolated perfused rabbit or
guinea pig papillary collecting ducts, and correlated well with
greater urea permeabilities and urinary concentrating ability in
the rat compared to the other two species [10].
In the rat, the total length of the cortical collecting tubule is
only 1.5 mm at a maximum [34], while the rabbit cortical
collecting tubule is 3—4 mm long [341. Shorter segments require
a higher water permeability to reach isosmolality, and the
values for P1 observed in the rat and mouse cortical collecting
duct are entirely consistent with the importance of achieving
and maintaining the isosmolality of the distal tubular fluid
within the cortex during maximal antidiuresis. Attainment of
isosmolality within the cortex is important to ensure the return
of the majority of the absorbed water to the cortical circulation
without dilution of the medullary interstitium. Although tubular
fluid may approach [35] or reach [36] isosmolality in the initial
collecting duct [3], substantial NaCl absorption continues in the
cortical collecting tubule. Thus, isosmolality of the tubular fluid
can be maintained only if the water permeability is sufficiently
high to prevent the development of significant luminal dilution.
The development of a maximally concentrated urine will con-
sequently depend on this optimal salt and water abstraction in
the cortex [37].
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